under an argon atmosphere. For experiments with Mn3, a concentration of [Mn3] ¼ 0.08 mM was used (on the basis of the relative molecular mass, M w , of Mn3 this gives [porphyrin] ¼ 0.16 mM and [C ¼ C] ¼ 6 mM) and when appropriate the ligand tbpy in a concentration of [tbpy] ¼ 81 mM. The resulting mixture was magnetically stirred at 1,100 r.p.m. Samples were taken which were filtered (to remove excess of iodosylbenzene) and the resulting filtrates were analysed by 1 H-NMR. In the case of Mn3 and bipy 2 PD only the protons of the cis-and trans-1,4-polybutadiene (5.8-5.2 p.p.m.) and cis-and trans-1,4-polyepoxide (3.0-2.6 p.p.m.) were used to calculate the conversion of the substrate. Turnover frequencies were calculated from data points up to ,30% conversion, since in a number of cases at higher conversions, deviations from first-order behaviour in substrate (alkene) concentration were observed. See Supplementary Information for further experimental details.
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Molecular hydrogen (H 2 )
is the second most abundant trace gas in the atmosphere after methane 1 (CH 4 ). In the troposphere, the D/H ratio of H 2 is enriched by 120‰ relative to the world's oceans [2] [3] [4] . This cannot be explained by the sources of H 2 for which the D/H ratio has been measured to date (for example, fossil fuels and biomass burning) 5, 6 . But the isotopic composition of H 2 from its single largest source-the photochemical oxidation of methane-has yet to be determined. Here we show that the D/H ratio of stratospheric H 2 develops enrichments greater than 440‰, the most extreme D/H enrichment observed in a terrestrial material. We estimate the D/H ratio of H 2 produced from CH 4 in the stratosphere, where production is isolated from the influences of non-photochemical sources and sinks, showing that the chain of reactions producing H 2 from CH 4 concentrates D in the product H 2 . This enrichment, which we estimate is similar on a global average in the troposphere, contributes substantially to the D/H ratio of tropospheric H 2 .
H 2 has been proposed as the basis for fuel-cell technologies that are anticipated to expand substantially in coming decades, and, as with fossil fuels, there is potential for significant leakage from the requisite infrastructure 7, 8 . The consequences of a new source of H 2 to the atmosphere are not easily anticipated, and preparation for potential change must begin with a precise and accurate description of the global budget. Stable isotope measurements are often used to constrain the budgets of atmospheric trace gases, but have seen limited use for H 2 owing to analytical difficulties and lack of data on its isotopically distinct sources and sinks. Major sources having known isotopic compositions (fossil-fuel combustion, biomass burning, H 2 -producing metabolisms) have dD H2 values ranging from 2800‰ to 2250‰ (refs 2-6), far lower than the average tropospheric value of about þ120‰ (refs 2-4, 9). It has been argued that this difference could be caused by the slower rate of photochemical oxidation of HD compared to HH (if H 2 oxidation is the major tropospheric sink) 10 , or by enrichment of D in H 2 produced via oxidation of methane (CH 4 ) and/or non-methane hydrocarbons (if uptake by soils is the major tropospheric sink) 5 . Records of H 2 concentration 1, 11 show greater seasonal amplitude and lower average concentration in the Northern Hemisphere, implying an atmospheric lifetime of ,2 yr and requiring uptake by soils to be the major sink 1 . Thus, either photochemical production is indeed responsible for the observed D enrichment or our understanding of the H 2 budget is incomplete.
Oxidation of atmospheric CH 4 consists of a chain of reactions that include H 2 as one of the products (Fig. 1) . Although roughly 90% of this photochemical CH 4 loss occurs in the troposphere, we letters to nature focus on a suite of stratospheric samples (see Methods) because the D content of stratospheric H 2 and CH 4 can be studied in relative isolation from non-photochemical sources and sinks of these gases. Mixing ratios of CH 4 (ref. 12) and H 2 are plotted in Fig. 2 as a function of nitrous oxide (N 2 O) mixing ratios 13 , a proxy for stratospheric mean age 14 . Methane decreases with increasing age from 1,750 to 700 p.p.b. over ,6 yr in the stratosphere (reflecting its photochemical destruction), whereas H 2 remains at tropospheric levels of ,525 p.p.b. This relatively constant level of H 2 has been observed previously 15 , and indicates the approximate balance of loss due to photochemical oxidation by OH, Cl and O( 1 D) and production by CH 4 oxidation 15 . Figure 3 shows dD H2 as a function of CH 4 mixing ratio. The maximum dD H2 value measured (þ440‰) is hundreds of per mil enriched in D compared to any other terrestrial material; the only other natural materials found on Earth having comparable dD values are carbonaceous chondrites 16 and the SNC meteorites 17 . The observed increase in dD H2 with stratospheric mean age reflects the effects of two processes: (1) preferential removal of HH relative to HD from the H 2 pool during H 2 oxidation, and (2) preferential addition of HD relative to HH to the H 2 pool during the chain of reactions initiated by methane oxidation. In order to assess the magnitudes of these different effects, we examine the reactions responsible for both H 2 loss and production. These reactions are itemized in Table 1 ; Ri denotes a reaction involving D-free isotopologues (for example, HH or CH 4 ), and Ri 0 a reaction involving D-bearing isotopologues (for example, HD or CH 3 D). The rate coefficients are denoted by k i and k i 0 , respectively, and their ratios are the fractionation factors, a i ¼ k i 0 /k i . As each of the reactions R1 to R3 0 and R4 to R6 0 contribute to the oxidation of hydrogen or methane, respectively, we also define the oxidant-weighted fractionation factors a H2þox and a CH4þox as:
where f is the fraction of H 2 (or CH 4 ) loss due to each oxidant; a similar expression for a CH4þox involves substituting reactions R4-R6 0 for R1-R3 0 . In addition to the fractionation due to different reaction rates (for example, k 1 0 /k 1 ), branching in R4 0 , R5 0 and R6 0 is an additional source of isotopic fractionation (Fig. 1 0 is oxidized (Fig. 1) , ultimately (and quantitatively) yielding formaldehyde (HCHO or HCDO). Formaldehyde then reacts with OH, O( 1 D) or Cl (R7) or is photolysed (R8a, b) within several hours. The proportion of HCHO that is photolysed and the quantum yield for the two channels (R8a and R8b) both depend on pressure, temperature, and wavelength of light 18 , and thus vary with altitude and latitude. We define the product of these subsequent fractionations with the initial a CH4þox as the total fractionation, a CH4!H2 ¼ 2ðg 0 =gÞa CH4þox where g 0 and g are the fractional yield of HD from CH 3 D and HH from CH 4 , respectively (see Methods).
In order to obtain an estimate of a CH4!H2 , we use a simple box model (see Methods) with the following assumptions. First, because the photochemical lifetime of CH 4 in the stratosphere decreases from almost 100 yr at the tropopause to less than one year in the upper stratosphere 19 , a characteristic altitude and latitude of 30 km in the tropics, where CH 4 loss rates are among the largest, is chosen. Second, the fractionation during H 2 loss is approximated by combining estimates of number densities for OH, Cl and O 
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This value shows that the fraction of (D/H) H2 produced for a given initial (D/H) CH4 is significantly greater than that of the original methane; for example, CH 4 entering the stratosphere with dD CH4 of 290‰ would yield product H 2 with dD H2 ¼ þ213‰.
Although a two-or three-dimensional model will be required to investigate the range of dD H2 produced from CH 4 oxidation and its global average, the sensitivity of the box model to natural ranges for g and a H2þox provides conservative constraints on the value of a CH4!H2 derived here. The integrated value of g relevant to the stratosphere should be less than the maximum value of 0.65 at the tropopause and considerably larger than the minimum of 0.3 at the stratopause, so we vary g as 0.5^0.1. Variability in a H2þox due to changes in oxidant concentrations throughout the stratosphere is bounded by the maximum and minimum fractionations of the individual reactions [21] [22] [23] (Table 1 , R1-R3 0 ). As it is highly unlikely that either of these limits is reached anywhere in the stratosphere, we vary a H2þox as 0.75^0.15. These variations in g and a H2þox yield a conservative range in a CH4!H2 of 1:33 þ0:29 20:25 : Thus, a CH4!H2 is expected to be greater than 1.0 everywhere in the stratosphere, showing that dD H2 produced from methane oxidation is always enriched relative to the initial CH 4 . As a test for understanding stratospheric D enrichment, we also note that setting a H2þox to unity (no fractionation due to the sink reactions with OH and Cl) in the model decreases the observed enrichment by 63%. The remaining enrichment results from photochemical production of HD, ,25% due to a CH4!H2 and the remainder due to the progressive D enrichment of the source CH 4 .
Several arguments suggest that the value of a CH4!H2 we estimate from stratospheric observations is also a reasonable approximation for the troposphere. A key variable controlling the isotopic composition of H 2 produced from CH 4 is a CH4þox (larger values for a CH4þox result in greater D enrichment of formaldehyde, which in turn produces greater D enrichment in H 2 ). We estimate, based on the negligible role of reaction with O( 1 D) and the temperature dependence of R4 and R4
0 , that a CH4þox(trop) in the troposphere is typically about 0.76, similar to a CH4þox(strat) ¼ 0.78 calculated for the stratosphere (Table 1) . Although additional reactions in the troposphere add complexity to the pathway of H 2 production (Fig. 1) , we suggest that, because the fractionation during the initial oxidation of CH 4 is rate limiting, the above analysis will hold true.
Combining published estimates of the different tropospheric source terms 1 and the D content of those sources that are known 5, 6 , and making reasonable assumptions for those that have not been measured (for example, oceanic and nitrogen fixation sources), we use our value for a CH4!H2 to estimate the relative strengths of the two most important H 2 sinks, reaction with OH and uptake in soils. From our isotopic analysis, we estimate that ,77% of tropospheric H 2 loss is due to soil uptake, in good agreement with the 75% estimated by Novelli et al 1 . and the 80% estimated by Hauglustaine and Ehhalt 24 from concentration constraints alone. If we include stratosphere/troposphere exchange with an average dD H2 of 200‰ for H 2 returning from the stratosphere (assuming a stratospheric turnover time of 2.5 yr; ref. 25) , the soil sink proportion increases to ,79%. We note that although the uncertainty in our budget estimate is large (about^20%) given the conservative box-model estimates for a CH4!H2 , our observations show that the enigma of heavy tropospheric H 2 can indeed be understood to result from HD production via CH 4 oxidation, as proposed by Gerst and Quay 5 . Although our estimate of a CH4!H2 yields dD H2 greater than the 130^70‰ required for the photo- 
Box model derivation
Because [H 2 ] is essentially constant (Fig. 2) in the stratosphere, the production rate of H 2 (P H2 ) is approximately equal to its loss rate 15 , L H2 , which can be expressed as:
Note that P H2 depends on the loss rate of CH 4 (L CH4 ) because H 2 is a by-product of the photooxidation of methane (R4-R7b; Fig. 3 ). As only a fraction of methane loss ultimately yields H 2 , we define this dependence as P H2 ¼ gL CH4 where g is the fractional yield of H 2 from CH 4 . The production of HD is similarly defined as P HD ¼ g 0 L CH3D . The fraction of CH 3 D that produces HD, g 0 , is not equal to g owing to the branching and subsequent fractionations that CH 3 D and its products undergo during production of HD (see Fig. 1 ). These terms are unknown, and defined here as the composite term a b . We define g 0 as the product of g with this composite fractionation so that it can be rewritten as a 
Because we express our data in terms of the (D/H) ratio rather than abundances of isotopologues, we note that ðD=HÞ H2 < 0:5½HD=½HH and ðD=HÞ CH4 < 0:25½CH 3 D=½CH 4 and define the total fractionation in production of H 2 from CH 4 as a CH4!H2 ¼ 2a b a CH4þox ¼ 2ðg 0 =gÞa CH4þox : It is this fractionation that determines the D content of H 2 produced from methane oxidation, and can be estimated from our stratospheric measurements of dD of H 2 and CH 4 . Included in a CH4!H2 is the initial oxidation of CH 4 , a CH4þox , as well as all subsequent branching and fractionation, a b , in the formation of H 2 . Using the relationships above, and recalling that we assume [HH] to be constant, equation (3) We then combine equation (4) with the measurements of (D/H) H2 reported here and of (D/H) CH4 for the same suite of samples 12 along with the assumptions described in the text in order to solve for a CH4!H2 .
